We identified taxonomic and geographic gaps in genebank collections in two steps. First, to target 1 1 5 germplasm from taxa and countries underrepresented in ex situ collections, we compared sampled 1 1 6 taxonomic richness reported by genebanks and living collections with sampled taxonomic richness reported by herbaria. Second, to detect geographic areas where taxa have not been reported before, 1 1 8 we applied ecological niche modelling with Maxent, a widely used modelling algorithm to detect 1 1 9 areas where climate conditions are suitable for plant species 17 . We modelled the distribution of each 1 2 0
Vigna taxon under current climate conditions using a selection of seven bioclimatic 1 2 1 variables available from the WorldClim 2.0 database 16 (Text S2): These bioclimatic variables were 1 2 2 selected after the removal of correlated variables with a Pearson correlation coefficient of more than 1 2 3 0.7. We used the threshold value of maximum specificity + sensitivity to distinguish suitable from 1 2 4 not-suitable areas for taxa presence 18 . To reduce sampling bias, we first took the average Maxent 1 2 5 results for each taxa from three runs each time, using 80% of the randomly resampled records from 1 2 6 grid cells with a size corresponding to 10% of the longest inter-point distance after Fourcade et al. 19 . Second, to allow Maxent to discriminate areas with presence records from the areas with no data, we 1 2 8 7 randomly extracted ten times more background points from the area enclosed by the convex hull 1 2 9 polygon based on the presence records, and extended with a buffer corresponding to 10% of the 1 3 0 longest inter-point distance. Third, to reduce the risk of including modelled areas where the taxa do 1 3 1 not occur in reality, we limited the modelled distribution range by the area enclosed by the convex 1 3 2 hull polygon based on the presence records and extended with the buffer around it. 
Assessment of abiotic stress and biotic stress resilience
We did a literature review to assess biotic stress resistance of Vigna taxa with a focus on bruchids 1 3 6 (Callosobruchus spp.), mung bean Yellow Mosaic Disease (YMD), and other pests and diseases, 1 3 7 which were included in the breeding objectives. For the assessment of abiotic stress resilience, we 1 3 8 carried out an ecogeographic analysis. This analysis was complemented with scores on a 1-5 Likert Organization 8,20 . All taxa, which scored 1 for at least one accession in the pot experiments, were 1 4 2 identified in this paper as taxa with a high level of tolerance. Taxa, which scored 2 for at least one were identified as taxa with a low level of tolerance. The ecogeographic analysis consisted of one-way ANOVAs with ranked climate data to identify • Seasonally dry climate conditions with low rainfall in the wetter quarter. For seasonally hot and seasonally dry climate conditions, temperature and rainfall in the wettest 1 5 4 quarter were selected because these are critical variables for flowering and seed development of Agriculture and Food Science Organization). Post-hoc (HSD) Tukey tests were carried out to identify 1 5 7
Vigna taxa, which occur in harsh climate conditions; these taxa belonged to the HSD group with 1 5 8 highest temperature or lowest rainfall values. We identified a second group of Vigna taxa, which 1 5 9 occur in less harsh climate conditions; these taxa belonged to the HSD group with second-highest 1 6 0 temperature or second-lowest rainfall values. Finally, all other Vigna taxa belonged to a third group 1 6 1 because they occur in less harsh climate conditions. For nine taxa, less than five georeferenced 1 6 2 records were available to extract climate data. Because of this lack of sufficient data, these taxa were 1 6 3 excluded from the ecogeographic analysis. reflexo-pilosa var. glabra), and moth bean (V. aconitifolia). Mung bean is the economically most centre of mung bean is thought to be in current India. Urd bean is also thought to be domesticated in 1 8 1 current India and is genetically close to mung bean, and is especially popular in southern India and 1 8 2
Pakistan. Azuki bean is mainly cultivated in Japan and Korea, and is thought to be domesticated in Gene pool B comprises taxa from subgenus Plectotropis to which the domesticated tuber 1 9 0 cowpea (V. vexillata) and its wild relatives belong ( Figure 1 ). There are two types of domesticated 1 9 1 tuber cowpea. The tuber type was is domesticated in Asia while the pea type was domesticated in 1 9 2
Africa 26 . Vigna. The domesticated taxa in this gene pool are yard-long bean (V unguiculata group 1 9 5 sesquipedalis), which is mostly cultivated in Asia, and cowpea (V unguiculata group unguiculata),
which was domesticated in West and Central Africa. Yard-long bean is different from cowpea by its 1 9 7 very long pod (~1 m). People harvest and eat young pods of yard-long bean, rather than the peas. Breeding objectives for mung bean and urd bean related to abiotic stress resilience include tolerance 2 0 9
to heat stress, water logging, and salinity 11 . Breeding objectives for cowpea related to abiotic stress 2 1 0 resilience include drought and heat stress tolerance and phosphorus-use efficiency 12 . salinity in contrast to only three taxa from two gene pools, which tolerated high levels of 2 2 5
dehydration.
The wild relatives V. trilobata, V. vexillata var. ovata, and V. monantha and the domesticated 2 2 7 moth bean (V. aconitifolia) returned highest scores for abiotic stress resilience (Table S2 ). These four 2 2 8 taxa showed high levels of abiotic stress resilience in three of the six variables. Vigna trilobata 2 2 9 occurs in seasonally hot climate conditions and tolerated high levels of dehydration and salinity. showed high levels of abiotic stress resilience in two of the six variables ( Biotic stress resistance 2 5 0
Bruchid resistance was reported in 14 of the 24 taxa (58 %), which were evaluated. These 14 taxa 2 5 1 came from all four gene pools (Table S3 ). However, no resistance against bruchids was reported for 2 5 2 mung bean. YMD resistance was reported in all ten taxa (100 %), which were evaluated, and which yard-long bean. For the other pest and diseases, remarkably less research has been conducted. In gene pool A, only for mung bean and urd bean germplasm, resistance was reported against legume pod borer, whiteflies, stem borer and Thrips spp. In this gene pool A, no reports were found for resistance 2 5 8 against powdery mildew, bacterial blight, or Cercospora leaf spot. In gene pool C, germplasm of the maintain more than 53,756 of these accessions (60%) ( Table S4 ). As a safety duplicate, 31,500 genebanks provided taxonomic data below species level, which is necessary for yard-long bean. Genetic Resources (NBPGR) holds the largest collections of urd bean, rice bean, and moth bean. Vigna collection but only keeps a limited number of accessions per taxon. African Vigna (Table S4 ). Priority countries for germplasm collecting missions of these 22 species in 2 8 6
Asia are Thailand, India, Sri Lanka, and Myanmar (Table S5 ). In Africa, priority countries are Geographic gaps in Asia with high taxonomic richness reported by herbaria but low coverage When comparing the reported overall taxonomic richness with the modelled taxonomic richness, our 2 9 2 analysis showed modelled gaps in West Cambodia, Central Thailand, South Vietnam, and coastal Our findings show that sources of pest and disease resistance occur in more than 50 percent of the 2 9 9 taxa, which were screened. In contrast, sources of abiotic stress resilience occur in less than 20 3 0 0 percent of the taxa, which were screened. We therefore hypothesize that during evolution, Vigna taxa We only found one study, which simultaneously screened legume wild relatives for abiotic stress and 3 0 4 biotic stress resilience 30 . This study with eight chick pea wild relatives (Cicer spp.) focuses on cold 3 0 5 stress rather than heat stress in combination with biotic stress resistance. Nevertheless, the study 3 0 6 confirms our hypothesis because the researchers identified only two wild Cicer species tolerating 3 0 7
cold stress compared with four or more Cicer species resisting bruchids and other pests and diseases.
3 0 8
Even though some traits, which cope with abiotic stress, such as waterlogging, are regulated 3 0 9 by just one or few genes 31,32 , several traits related to drought and heat stress tolerance could be Vigna, which occur in permanently hot and dry climate conditions. seasonally dry climate conditions, where it is possible to escape heat and drought stress rather than to 3 1 5 tolerate heat and drought stress. In contrast, the three percent of the taxa, which occur in permanently 3 1 6
hot and permanently dry climate conditions require traits to tolerate continuous heat and drought 3 1 7
stress. This finding suggests that during evolution Vigna taxa more easily acquire phenological traits 3 1 8
for short life cycles to escape drought and heat stresses compared with acquiring physiological traits 3 1 9
to tolerate these stresses continuously.
Resistance against pest and diseases has often been a result from continuous and recent co- defense, correspond with pest pressure and the geographic distribution of these pests 36, 37 . Co- with heat and drought stress resilience.
The presence of salinity tolerance in 17 percent of taxa compared with three percent drought- resources of high value for legume production in areas, which suffer from salinization. Our findings suggest that the section Aconitifolia has high levels of heat and drought stress Second, the limited number of accessions of moth bean in the pot experiments may not reflect the full only few studies were found on biotic stress resilience of cowpea wild relatives compared with mung 3 5 0 bean wild relatives. It could be that cowpea breeders do not yet need to use cowpea wild relatives for 3 5 1 biotic stress resilience because the many botanical varieties in cowpea`s primary gene pool provide 3 5 2 sufficient variation for finding traits. Another possibility could be that cowpea is difficult to cross 3 5 3
with close relatives compared with mung bean and its close relatives, which would need to be tested
in future studies.
3 5 5
We developed four Vigna gene pools. Even though, these gene pools may be modified after new studies on crossing compatibility, they provide a helpful structure to examine trait distribution efforts of germplasm collecting because genebanks maintain less than 10 accessions of these species. Targeted Asian countries for germplasm collecting efforts include India, Thailand, Thailand, Burundi, DRC Congo, and Madagascar as priority countries for Vigna germplasm collecting efforts. Vigna taxa with high levels of heat and drought stress tolerance are rare. We therefore 3 7 1
propose to use the presence of these type of traits as a criterion to prioritize taxa for conservation.
7 2
The section Aconitifoliae requires urgent conservation efforts when considering this criterion in conditions and V. monantha, which occurs in permanently dry conditions, also require urgent 3 7 8
conservention because these species are not represented in genebanks, except for one accession of V. Vigna taxa on the IUCN Red List will help to better understand their in situ conservation status.
3 8 4
The pacific V. o-wahuensis, endemic to Hawaii, is critically endangered according to the U.S. Vigna.
3 9 0
